Pathogen-induced apoptosis of lymphocytes is associated with increased susceptibility to infection. In this study, we determined whether apoptosis influenced host resistance to the fungus Histoplasma capsulatum. The level of apoptotic leukocytes progressively increased in the lungs of naive and immune mice during the course of H. capsulatum infection. T cells constituted the dominant apoptotic population. Apoptosis was diminished in H. capsulatum-infected gld/gld and TNF-α-deficient mice; concomitantly, the fungal burden exceeded that of controls. Treatment of naive and H. capsulatum-immune mice with caspase inhibitors decreased apoptosis but markedly enhanced the severity of infection. Administration of a proapoptotic dose of suramin diminished the fungal burden. The increased burden in recipients of a caspase inhibitor was associated with elevations in IL-4 and IL-10 levels. In the absence of either of these cytokines, caspase inhibition suppressed apoptosis but did not increase the fungal burden. Thus, apoptosis is a critical element of protective immunity to H. capsulatum. Production of IL-4 and IL-10 is markedly elevated when apoptosis is inhibited, and the release of these cytokines exacerbates the severity of infection.
Introduction
Infection with the dimorphic fungus H. capsulatum is initiated by coincidental inhalation of microconidia and mycelial fragments that convert into the pathogenic yeast phase within hours to days after settling in lungs. The latter fungal elements proliferate within cells of the mononuclear phagocyte system until activation of cellmediated immunity halts intracellular replication (1) . The efficacy of the protective immune response requires an orchestration of numerous cellular and soluble effectors. CD4 + and CD8 + T cells contribute to the clearance of the organism in both primary and secondary infection, although their influence differs in the 2 phases (2) (3) (4) (5) . IL-12, IFN-γ, GM-CSF, and TNF-α are known to promote the protective immune response of mice during primary infection (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . In secondary histoplasmosis, only the latter cytokine is essential for mice to survive. These findings suggest that among the cytokines that regulate protective immunity, TNF-α exerts the preeminent influence on host defenses. This assertion is supported by the recent spate of cases of disseminated histoplasmosis among patients who receive inhibitors of TNF-α activity (16, 17) .
Among the many immunological elements that could modulate the course of infection with H. capsulatum is apoptosis, or programmed cell death. This process is critically important in the developmental biology of multicellular organisms, and it is a principal regulator of the specificity of the immune system (18) (19) (20) (21) (22) (23) (24) . In recent years, several reports have shown that inhibition of apoptosis may influence the outcome of infection with intracellular and extracellular pathogens and/or modulate the inflammatory response (22, 25, 26) .
As part of an ongoing series of studies of the mechanisms by which TNF-α contributes to host defenses, we initiated a study to explore the role of apoptosis, since this cytokine is an important trigger of this process (27) (28) (29) . Our results indicate that apoptosis is a prominent feature of lung leukocytes in mice infected i.n. with H. capsulatum yeast cells and T cells constitute the vast majority of apoptotic cells. The magnitude of apoptosis was regulated not only by TNF-α and its cognate receptor TNF receptor 1 (TNFR1) but also by Fas-Fas ligand interaction. Moreover, caspase inhibition of apoptosis was associated with a profoundly impaired protective immune response. We conclude that apoptosis modulates the severity of infection.
Results

H. capsulatum infection is associated with a progressive increase in the proportion of apoptotic lung leukocytes. Cells from lungs of mice
infected with H. capsulatum were assessed for apoptosis using a flow cytometry-based TUNEL assay. Naive animals were infected with 2 × 10 6 yeast cells i.n., and lung leukocytes were analyzed prior to infection (day 0) and at days 7, 14, and 21 after infection. The percentage of apoptotic cells in the lungs of uninfected mice was less than 5%. By day 7 of infection, the percentage of apoptotic cells had increased to 23.5%, and by day 21 this value was 60.3% ( Figure 1A) .
In parallel experiments, we assessed the proportion of apoptotic leukocytes in lungs of mice with secondary H. capsulatum infection. Mice were challenged with 10 4 yeast cells i.n., and 8 weeks later, they were rechallenged with 2 × 10 6 yeast cells. At day 0, the percentage of apoptotic cells was less than 5%, similar to that in naive animals. Following infection, there was a progressive increase from days 7 to 21 in the percentage of apoptotic cells ( Figure 1B) .
Apoptosis is not strictly dependent on inoculum size. Mice were infected with increasing numbers of H. capsulatum yeast cells i.n., and at day 7 after infection, the percentage of apoptotic lung leu-kocytes was assessed ( Figure 1C ). There was a slight increase in the response from 0.5 × 10 6 to 5 × 10 6 , although the differences between the different challenges were not statistically significant (P > 0.05). On the other hand, the apoptotic response to 10 × 10 6 yeast cells, which is associated with a high mortality (30) , was markedly diminished (P < 0.01). Thus, the apoptotic response is partially dependent on the challenge size.
Phenotype of apoptotic cells. The phenotype of lung leukocytes that underwent apoptosis was assessed using 2-color flow cytometry during the course of infection. We restricted analysis to T cells, macrophages, and neutrophils, since these cell populations constitute the major cellular mediators of protective immunity in experimental H. capsulatum (2, 10, 31) . To calculate the quantity of each cell population that was apoptotic, we divided the percentage of each apoptotic cell population by the total percentage of apoptotic cells. Representative histograms are shown in Figure 2 , A and B. In primary infection, CD3 + cells constituted the overwhelming majority of apoptotic cells at days 7 through 21 after infection ( Figure 2E ). The proportion of neutrophils that were apoptotic was small (∼5%) and that of macrophages was negligible (1%). This finding was also true for secondary H. capsulatum infection ( Figure 2F ).
Although the proportions differed, it is possible that the absolute numbers did not. At each time point of primary or secondary infection, the number of apoptotic CD3 + cells exceeded that of neutrophils. For example, the mean number (±SEM) of apoptotic CD3 + cells at day 7 of primary infection (13.28 × 10 5 ± 0.83 × 10 5 ) was greater (P < 0.01) than the number of apoptotic neutrophils (2.9 × 10 5 ± 0.09 × 10 5 ). On day 7 of secondary infection, the number of apoptotic CD3 + cells (10.7 × 10 6 ± 0.6 × 10 6 ) was higher (P < 0.01) than that of neutrophils (0.7 × 10 6 ± 0.07 × 10 6 ).
Subset analysis also was performed in primary and secondary H. capsulatum to determine whether apoptosis involved CD4 + or 
Figure 2
Phenotype of leukocytes isolated from lungs of mice infected with H. capsulatum for 7 days. Lung cells from mice with primary (A, C, and E) or secondary (B, D, and F) histoplasmosis were analyzed using allophycocyanin-labeled mAbs against the surface markers CD3ε, Mac1, or Gr1 (A and B) or PE-labeled mAbs against the surface markers CD4 and CD8 (C and D). Representative dot plots of at least 6 individual animals are shown. (E and F) Leukocytes were isolated at 7, 14, and 21 days after primary (E) and secondary (F) infection with histoplasmosis. The percentage of macrophages was calculated by subtracting the number of Gr1 + cells from the number of Mac1 + cells. Data represent mean ± SEM of 6 animals per group. Data from 1 of 2 experiments are shown.
CD8 + cells or both. Among T cells, the CD4 + subset constituted the dominant population that was apoptotic in primary infection ( Figure 2C ). Between 70% and 90% of all T cells that were apoptotic were CD4 + . In secondary infection, there was a fairly equal distribution between CD4 + and CD8 + cells ( Figure 2D ). The proportion of apoptotic T cell subsets was similar to the percentages of these cell populations in the lungs.
We queried whether apoptotic T cells manifested a memory/ activated phenotype in both primary and secondary infection. To assess this phenotype, cells were incubated with mAbs against CD3, CD62L, and CD44. The cells that were CD3 + , CD62L lo , and CD44 hi were defined as memory/activated cells. The proportion of T cells that bore this phenotype ranged from 77.8% to 86.2% (Table 1 ). The proportion of cells from mice on day 0 either prior to infection or reinfection that bore the memory/activated phenotype was less than 1%.
Modulation of the apoptotic response by TNF-α or FasL. Neutralization of TNF-α abolishes the protective immune response to primary and secondary H. capsulatum and is accompanied by unrestricted growth of the fungus in the lungs of mice (10, 12, 13, 32) . Moreover, the absence of either TNFR1 or TNFR2 is associated with failure to control H. capsulatum infection in mice (33) . Hence, we sought to determine whether neutralization of this cytokine or the absence of either receptor altered the apoptotic response in the lungs at day 7 after infection. Administration of mAb against TNF-α to mice infected with H. capsulatum caused a marked and significant (P < 0.01) reduction in the percentage of apoptotic cells within the lungs of mice in both primary and secondary infection ( Figure 3, A and B) . Neutralization of TNF-α in primary infection was associated with an exacerbation of infection at day 7 ( Figure 3C ).
In parallel, TNFR1 -/-and TNFR2 -/-mice were infected with H. capsulatum, and at day 7 after infection, the lungs were examined for the percentage of apoptosis. The lungs of H. capsulatum-infected TNFR1 -/-mice contained a much lower percentage of apoptotic cells (P < 0.01) than those of wild-type animals ( Figure 3D ). The percentage did not differ between wild-type and TNFR2 -/-mice (P > 0.05).
The apoptotic response also was assessed in gld/gld mice that possess a mutant FasL (34) . The absence of this molecule was associated with a sharp decrease (P < 0.01) in the proportion of apoptotic cells at days 7 and 21 after infection in both primary and secondary histoplasmosis ( Figure 4, A and E) . The number of CFU in lungs of gld/gld mice was significantly greater (P < 0.01) than that in infected controls at day 7, but not day 21, after infection in primary and secondary histoplasmosis ( Figure 4 , B and F).
Since TNF-α and FasL contributed to apoptosis in H. capsulatum-infected mice, we sought to determine whether neutralization of TNF-α would completely abolish this response in gld/gld mice. mAbs against TNF-α or rat IgG were given to gld/gld mice and apoptosis assessed. Neutralization of this cytokine sharply reduced the apoptotic response in these mice in both primary and secondary infection (Figure 4 , C and G). Treatment with mAb against TNF-α exacerbated infection on day 7 of primary and secondary histoplasmosis ( Figure 4 , D and H).
Does inhibition of apoptosis alter fungal burden in wild-type mice?
The accumulated evidence indicated that the severity of infection was inversely correlated with the magnitude of the apoptotic response. To obtain direct evidence that this finding was pertinent to the infectious process, we challenged mice with H. capsulatum and treated them daily with either the general caspase inhibitor benzyloxycarbonyl-Asp(OMe)-fluoromethyl ketone (Boc-D-FMK) (35) or the control peptide, N-benzyloxycarbonyl-Phe-Asp-fluoromethyl ketone (Z-FA-FMK) (36) . At day 7 of primary or secondary infection, mice were euthanized, and the apoptotic response and fungal burden were assessed. A separate group of animals was followed for survival. Boc-D-FMK caused a pronounced inhibition of apoptosis, whereas the control peptide did not ( Suramin and apoptosis. Suramin has been reported to be proapoptotic (37) and antiapoptotic (38) . We postulated that if a proapoptotic dose of suramin was given to mice, it would decrease the fungal burden in H. capsulatum-infected mice. Prior to exploring the role of suramin, we examined whether this drug altered the viability of H. capsulatum. Mice were administered either 1 mg i.p. of suramin or PBS at the time of infection with 2 × 10 6 yeast cells i.n. Recipients of 1 mg suramin manifested an increase (P < 0.01) in the proportion of apoptotic leukocytes and a reduced (P < 0.001) fungal burden ( Figure 6 ).
Cytokine analysis of lungs from mice given caspase inhibitor. The levels of cytokines in lung homogenates were analyzed in mice given Boc-D-FMK or Z-FA-FMK or in infected controls to determine whether inhibition of apoptosis was accompanied by alteration in those cytokines that are known to influence protective immunity. In primary and secondary infection, the lungs of mice (n = 5) given Boc-D-FMK contained significantly higher amounts of IFN-γ and TNF-α compared with those of controls ( Figure 7 ). The levels of IL-4 and IL-10 in lung homogenates also were strikingly higher (P < 0.01) in Boc-D-FMK-treated animals compared with controls.
In primary infection, the mean number 
Discussion
In this study, we explored the potential influence of apoptosis on host resistance. We focused on apoptosis because of the prominent role of TNF-α as an inducer cell death (28, 40, 41) and because apoptosis has been reported to modulate host defenses to microbes. Pathogens may trigger apoptosis of immunocompetent cells to avoid immune recognition (22, (42) (43) (44) (45) . Conversely, intracellular microbes such as Mycobacterium sp. may block apoptosis of macrophages to create a safe haven for replication (46-50). We demonstrated that lung leukocytes become apoptotic during the course of pulmonary infection with H. capsulatum. T cells bearing a memory/activated phenotype constituted the dominant population, whereas only a small percentage of neutrophils and a negligible fraction of macrophages were apoptotic. The latter finding is not entirely unexpected, since H. capsulatum inhibits apoptosis of macrophages (51) . Another possibility for the paucity of apoptotic macrophages is that only a small fraction is infected and thus liable to undergo apoptosis. The data indicate that the magnitude of apoptotic response affects host resistance in both primary and secondary H. capsulatum inversely. Inhibition of apoptosis was associated with increased susceptibility to infection. These results strongly support the contention that apoptosis of T cells exerts a salutary effect on host defenses. It is unlikely that apoptotic neutrophils contributed to the findings, since they constituted such a small percentage of apoptotic cells and because in secondary H. capsulatum, their elimination does not impact the course of infection (10) .
The deletion of T cells of the activated/memory phenotype can be interpreted in 2 ways. First, their removal is a means to contract the large pool of antigen-specific effector cells and limit the inflammatory response. The surviving activated/memory T cells may persist for prolonged periods and remain enabled to react to subsequent invasion by the offending pathogen (52) . Another explanation arises from the knowledge that clearance of H. capsulatum is heavily dependent on T cells (2) . In this scenario, the fungus induces apoptosis of T cells and thereby eliminates an essential regulatory element of host defenses.
The latter supposition is directly contrary to the observed outcomes in the current study. The rise in the percentage of apoptosis in lungs is inversely, rather than directly, correlated with fungal burden. In our model, the number of yeast cells in lungs peaks by day 7 and steadily declines thereafter. By day 21, the number of CFU in lungs is most often 3 to 4 log 10 lower than at day 7 (32, 53) . Similarly, in secondary infection, there is a sharp decline in the number of CFU in lungs, and by day 21, the CFU are not detectable. The finding of an inverse relationship between fungal burden and apoptosis was extended to other models of H. capsulatum infection. Mice deficient in TNF-α or those with a mutation in the Fasl gene manifested increased susceptibility to infection and reduced apoptosis when compared with controls.
The absence of TNF-α or either of its 2 receptors, TNFR1 or TNFR2, leads to the death of animals following i.n. challenge with 2 × 10 6 yeast cells, although TNFR1 -/-mice are far more susceptible than those lacking TNFR2 (6, 33) . Apoptosis of lung leukocytes was exclusively found in TNFR1 -/-mice. This finding correlates with the known existence of a death domain within the TNFR1 complex and its absence in TNFR2 -/-mice (40), but apoptosis, especially of CD8 + cells, can be mediated through TNFR2 (54, 55) . The failure of TNFR2 -/-mice to control infection is associated with a profound deficiency of IFN-γ (33) . Although the evidence indicates that apoptosis is a crucial mediator of host resistance, it is not an exclusive one. The lack of modulation of apoptosis in TNFR2 -/-mice may explain, in part, why they are less susceptible to infection than TNFR1 -/-mice.
Both TNF-α and the Fas-FasL, mediators of the activationinduced cell death pathway, contributed to the apoptotic response in H. capsulatum infection. The fate of infection however, differed greatly between mice deficient in one or the other. Mice deficient in TNF-α usually succumb within 14 to 20 days after infection despite the route of the inoculum (6, 10, 12) . gld/gld mice, on the other hand, manifested an increased burden at day 7 and subsequently controlled H. capsulatum growth at day 21. Inhibition of apoptosis by either pathway is associated with an increased fungal burden during the phase of infection (≤7 days) when innate immunity is dominant. The transition to adaptive immunity, which is vitally important for limiting H. capsulatum infection, fails to develop when endogenous TNF-α is deficient. The findings strongly suggest that the latter pathway is far more important in host control than the FasFasL interaction. In comparison, in the case of infection with another intracellular pathogen, Leishmania major, the opposite is true (56) . The Fas pathway regulates parasite burden, whereas TNF-α modulates the inflammatory response.
To obtain direct proof regarding the influence of apoptosis on host resistance mechanisms, we administered a pan-caspase inhibitor to determine whether suppression of apoptosis would modulate the course of infection. Inhibition of apoptosis by Boc-D-FMK or z-DQMD-FMK was accompanied by a profound exacerbation of infection, which led to the death of animals in both primary and secondary H. capsulatum infection. If inhibition of apoptosis worsened the severity of infection, we reasoned that enhancing apoptosis would ameliorate the fungal burden. Indeed, treatment with a proapoptotic amount of suramin decreased the CFU in lungs. The findings establish that activation of the apoptotic pathway in H. capsulatum infection serves as a positive regulator of protective immunity.
An explanation for the altered fungal growth in the presence of Boc-D-FMK was that the effect of the inhibitor was on the fungus rather than the host cells. Incubation of the inhibitor with H. capsulatum yeast cells exposed to a proapoptotic stimulus failed to inhibit the fungal apoptosis. This result is not surprising, since another caspase inhibitor failed to protect Aspergillus fumigatus
Figure 6
The proapoptotic effect of suramin decreases fungal burden. Mice were treated with 1 mg of suramin i.p. or with HBSS alone at the time of infection. Lungs were harvested at 7 days postinfection and assayed for apoptosis by flow cytometry (A) and fungal burden (B). **P < 0.010. from apoptosis (57) . The reason for this finding is unclear. Fungi appear to have metacaspases that are similar but not identical to mammalian caspases (58) . Thus, the inhibitors of mammalian caspases may not recognize fungal metacaspases.
The results from our model stand in contrast to those of numerous studies in which lymphocyte apoptosis is associated with an inimical effect on the severity of infection. Transfer of apoptotic splenocytes or caspase inhibition of animals was associated with deleterious outcome in models of bacterial sepsis (25, 26, 59, 60) . Furthermore, in type I IFN-deficient mice infected with Listeria monocytogenes, the course of infection is mitigated compared with that in controls (25) . One of the underlying mechanisms explaining the salutary course in these mice was a reduction in lymphocyte apoptosis. In addition, TNFR1 -/-mice infected with Yersinia enterocolitica manifest an enhanced clearance of bacteria in association with a decrease in apoptosis of CD4 + lymphocytes (61) . The weight of evidence in bacterial disease processes suggests that there is a direct correlation between the magnitude of apoptosis and severity of infection. The reasons why apoptosis contributes to disease exacerbation in these models has not been delineated. One reason is that apoptotic T cells can release molecules such as TGF-β that induce an immunosuppressive milieu and prohibit full expression of the protective immune response (62, 63) .
One of the mechanisms by which T cell death causes exacerbation of H. capsulatum infection is in part linked to a shift in the immune response from a dominant Th1 to a Th2 phenotype. Production of IL-4 and IL-10 was significantly enhanced in recipients of Boc-D-FMK. In the absence of either of them, this compound inhibited apoptosis but not protective immunity. When IL-4 or IL-10 is deficient, there is dissociation between inhibition of apoptosis and fungal burden. IL-4 and IL-10 are known to impair the protective immune response to this fungus even when Th1 cytokines are present (6-8, 64, 65) . Hence, apoptosis may regulate the generation of a Th1 or Th2 response. The correlation between inhibition of apoptosis and an immune shift is not uniform in our model. In primary histoplasmosis, the antiapoptotic effect mediated by TNF-α neutralization is not accompanied by increased levels of IL-4 and IL-10 in lung homogenates (6) . Although inhibition of apoptosis appears to exacerbate infection, the immune disturbances that lead to enhanced severity are not identical. D and H) . Data represent the mean ± SEM of 6 animals per group. Data for 1 of 2 experiments are shown. *P < 0.050; **P < 0.010; # P < 0.001.
In experimental H. capsulatum infection, we also found elevations in endogenous TNF-α and IFN-γ in mice receiving Boc-D-FMK. The increase in IFN-γ levels in lung homogenates was not a result of an elevated number of cytokine-producing cells, since these values were similar; rather the results suggest that each cell generated more IFN-γ. Moreover, the increased levels of both TNF-α and IFN-γ were not sufficient to rescue mice in from the lethal effects of H. capsulatum. Thus, apoptosis may be important in preventing the induction of a dominant Th2 response in H. capsulatum.
The elevation in IL-4 and IL-10 associated with caspase inhibition may be a consequence of the host attempting to restrict the inflammatory response in the presence of excessive numbers of viable T cells. This counteraction has a negative impact on the protective immune response. The unanticipated finding of a decrement in T cell apoptosis and increased burden of infection has been demonstrated in experimental trypanosomiasis. FasL-deficient mice exhibit diminished apoptosis and higher burdens of parasitemia. In that model system, susceptibility to infection in FasL-deficient mice is accompanied by increases in levels of both IL-4 and IL-10 (66, 67). The authors ascribe their findings to a Fas-FasL interaction, but our data suggest that apoptosis-mediated regulation of a Th1 or Th2 response may be downstream of Fas engagement, that is, at the level of caspases. Furthermore, modulation of caspase activity has been shown to modify production of cytokines, although the mechanisms are not known (68) . Thus, according to one model for our findings, caspase inhibition induces the production of IL-4 and IL-10 by T cells that are not eliminated by apoptosis and thus can produce a sustained impairment of the host immune response. An alternative but not mutually exclusive interpretation is that caspase inhibitors modulate Th2 cytokine production. Thus, the caspase inhibitor Z-VAD-FMK augments IL-4 production by primary but not Th2-committed T cells (69) . In this regard, levels of IFN-γ, IL-4, and IL-10 in lung homogenates of uninfected mice administered Boc-D-FMK or suramin for 7 days did not differ from those of mice given either Z-FA-FMK or PBS (data not shown).
One of the concerns raised in using caspase inhibitors is that they express other biological activities. Several have been shown to suppress cathepsin activity, although this property has been identified principally, if not exclusively, in vitro (70) . Boc-D-FMK is not known to inhibit cathepsins, but the control peptide, Z-FA-FMK, inhibits cathepsins B and L (36) . The role of cathepsins in host defenses to this fungus is poorly understood. Cathepsin G inhibits, but does not kill, H. capsulatum yeast cells (71) . Thus, it seems unlikely that Boc-D-FMK subverts protective immunity by a direct alteration of cathepsin activity.
In summary, we have demonstrated that H. capsulatum induces apoptosis in the lungs of mice. T cells were the dominant apoptotic population. Inhibition of apoptosis was associated with an increased fungal burden in mice treated with mAb against TNF-α, in gld/gld mice, and in animals given caspase inhibitors. Taken together, the results clearly demonstrate that the magnitude of apoptosis can influence host resistance mechanisms to this fungus. A decrement in apoptosis of T cells blunts clearance of H. capsulatum. These results conflict with the prevailing idea that in infectious diseases, apoptosis is inimical for host resistance mechanisms. The findings raise the possibility that apoptosis not only influences susceptibility to infection but also serves as a marker of its severity. 
Methods
Mice. C57BL/6 mice, TNFR1 -/-, TNFR2 -/-, IL-10 -/-, IL-4 -/-, and gld/gld mice were purchased from the Jackson Laboratory. Athymic nude mice, which were used to generate ascites, were purchased from the National Cancer Institute. Animals were housed in isolator cages and were maintained by the Department of Laboratory Animal Medicine, University of Cincinnati, which is accredited by the Association for Assessment and Accreditation of Laboratory Animal Care. All animal experiments were performed in accordance with the Animal Welfare Act guidelines of the NIH, and all protocols were approved by the Institutional Animal Care and Use Committee of the University of Cincinnati.
Preparation of H. capsulatum and infection of mice. H. capsulatum yeast (strain G217B) was prepared as described previously (2) . To produce infection in naive mice, animals were inoculated i.n. with 2 × 10 6 H. capsulatum yeast cells in a 30-µl volume of HBSS. For secondary histoplasmosis, mice were initially inoculated with 10 4 yeast i.n. in a volume of 30 µl. Six to 8 weeks later, previously exposed animals were rechallenged i.n. with 2 × 10 6 yeast cells.
Organ culture for H. capsulatum. Recovery of H. capsulatum was performed as described elsewhere (2) . Fungal burden was expressed as mean CFU per whole organ ± SEM. The limit of detection was 10 2 CFU. Isolation of lung leukocytes. Lungs were teased apart with the frosted ends of 2 glass slides in 10 ml of HBSS. The solution was filtered through 60 µm nylon mesh (Spectrum Laboratories Inc.) and washed 3 times with HBSS. Leukocytes were isolated by separation on a 40-70% Percoll (Pharmacia) gradient.
Flow cytometry. All surface staining was performed before analysis of apoptosis. To determine the phenotype of apoptotic cells, lung leukocytes were adjusted to a concentration of 2 × 10 6 cells/200 µl of staining buffer (PBS containing 2% BSA and 0.02% sodium azide) and incubated with 0.5 µg of one of the following allophycocyanin-labeled mAbs (BD Biosciences) against: CD3ε (clone 145-2C11), CD4 (clone GK1.5), CD8 (clone 2.43), Ly-6G (Gr1; clone RB6-8C5), CD11b (Mac1; clone M1/70). The percentage of macrophages was calculated by subtracting the percentage of cells that bore Mac-1 from those that expressed Gr1. To measure the expression of intracellular IFN-γ, surface-stained cells were washed several times in Perm/Wash Buffer (BD Biosciences), fixed and permeabilized with BD Cytofix/Cytoperm (BD Biosciences), and stained with IFN-γ-PE (clone XMG1.2; 2.5 µg/10 6 cells). The cells were washed in Perm/Wash buffer, and fluorescence was measured.
To determine memory phenotype, cells were stained with the following mAbs (BD Biosciences) against: CD3ε-peridinin chlorophyll protein (clone 145-2C11), CD44-PE (Ly-24; clone Pgp-1), and CD62L-allophycocyanin (L-selectin; clone MEL-14). Staining with isotype-matched rat IgG or hamster IgG mAb was performed in parallel. The samples were washed and fixed in 2% paraformaldehyde at 4°C. To determine whether cells were apoptotic, the TUNEL assay was used to add dUTP-FITC to ends of DNA double-strand breaks (In Situ Cell Death Detection Kit; Roche Diagnostic Corp.). The kit was used according to the manufacturer's instructions. In brief, cells were incubated in permeabilization solution (0.1% sodium citrate, 0.1% Triton X-100) for 2 minutes at room temperature and washed in PBS. The cells were then incubated in the TUNEL reaction mixture (labeling solution without addition of TdT enzyme was used as a negative control) for 1 hour at 37°C in a humidified chamber. Cells were washed and resuspended in PBS, and fluorescence intensity assessed using a FACSCalibur flow cytometer (BD Biosciences). In preliminary experiments, cells were stained with proliferating cell nuclear antigen (PCNA) to determine whether the TUNEL-positive cells actually represented apoptotic cells. The proportion of TUNEL-positive cells that were PCNA positive was negligible.
To determine the intracellular IFN-γ expression, cells were stained with allophycocyanin-conjugated mAb against CD3ε, which was followed by permeabilization of cells and staining with PE-conjugated IFN-γ (BD Pharmingen) as described previously (72) .
Cytokine analysis of lung homogenates. Lung homogenates were prepared as described previously (6) , and levels of IL-4, IL-10, IFN-γ, and TNF-α were quantified by ELISA.
Inhibition of apoptosis in vivo. The irreversible, pan-caspase inhibitor Boc-D-FMK (Sigma-Aldrich), the caspase inhibitor z-DQMD-FMK (Calbiochem), and the control peptide, Z-FA-FMK (Sigma-Aldrich), were dissolved in DMSO and administered to mice i.p. (10 µmol/kg). Mice were treated daily, beginning the day of infection, until the animals were sacrificed. The control, Z-FA-FMK, is a cathepsin inhibitor. In preliminary studies, we demonstrated that the infection in mice given DMSO alone was no different from that in mice given control Z-FA-FMK or given PBS. Suramin was purchased from Sigma-Aldrich and dissolved in PBS. Mice were given a single injection at the time of infection. were cultured in triplicate with each concentration of agent and were grown at 37°C in 5% CO2. After 24 hours of incubation, the plates were centrifuged at 1,000 g and the supernatant gently removed. Fifty microliters of [ 3 H]leucine (1 µCi) (specific activity, 153 Ci/mmol; New England Nuclear) and 5 µl of ×10 yeast nitrogen broth was added to each well. After an additional 24 hours at 37°C in 5% CO2, 50 µl of l-leucine and 50 µl of sodium hypochlorite were dispensed into each well. The contents were harvested onto glass fiber filters and counts per minute determined by scintillation counting.
In vitro assays of H. capsulatum growth. Analysis of the in vitro growth
Induction of apoptosis in H. capsulatum yeast cells. Log-phase yeast cells (2 × 10 6 ) were incubated in 24-well plates in the presence or absence of 20 or 40 µM H2O2 for 24 at 37°C in 5% CO2. Yeast cells were harvested and stained using the TUNEL kit for detection of apoptosis.
Statistical analyses. ANOVA was used to compare groups. Log-rank sum test was used to analyze survival. P < 0.05 was considered statistically significant.
